The isothermal oxidation of regenerated cellulose carbon fibres in the presence of CO 2 or steam was described, together with the changes in the porous structures of the active fibres that evolve during different stages of the process. Three such stages were defined. In the initial stage of heating and outgassing, changes in the porous structure were related to the violent pyrolysis that occurred. As a result, a considerable number of micropores (accessible to nitrogen) were generated together with a small number of mesopores. The next stage (principal activation stage) involved burning at a constant rate accompanied by an uniform increase in the micropore volume. In the third stage, an increased rate of oxidation was observed. This was accompanied by the development of transitional pores linked with the simultaneous limitation of micropore evolution. This stage was not efficient. 363 * Figure 4 . Nitrogen adsorption isotherms measured at 196 C on viscose cellulose carbon fibres activated at 800, 850 and 900 C, respectively, to a burn-off fraction (Z C ) of (a) 0.3 and (b) 0.7.
INTRODUCTION
The oxidation of porous carbon material during gas or steam activation (O 2 , CO 2 , H 2 O) is a heterogeneous process occurring at the solid/gas interface of the boundary surface located inside the porous and heterogeneous material. The process itself depends on factors related to the nature of the carbon substance (Pastor et al. 1999; Solum et al. 1995) and the transport of reacting substances (Adamson 1995; Bhatia 1999) . Diffusion of the activator to the surface and interior of the solid material is quite often a factor limiting the chemical reaction rate (Gregg and Sing 1982) . The effect becomes more prominent as the rate of chemical reaction increases on the surface. This can lead to a shortage of oxidizer and/or a decrease in its concentration due to depletion and dilution by the gaseous products.
At the same time, partial oxidation of the carbon leads to the evolution of the pore system accompanied by changes in the latter (Carrott and Freeman 1991; Rodriguez-Reinoso et al. 1999) . The generation and removal of pores also influences the reaction between the surface and the oxidant (Carrott and Freeman 1991; Fuertes et al. 1995; Lu and Chung 1997) . As a result, the system shows a linkage between the rate of the reaction, its location and the evolving porous structure of the active carbon (Rodriguez-Reinoso et al. 1995; Aarna and Suuberg 1999; Parra et al. 1999; Pastor et al. 1999) . The aim of the present work was to define the correlation between the evolution of a porous structure in an active carbon and the mass loss occurring during activation.
Extensive studies have been undertaken on the preparation of active carbons from viscose fibres, e.g. those by Pastor et al. (1999) , Rodriguez-Reinoso et al. (2000a,b) and Huidobro et al. (2001) to cite but a few. However, the topic itself is so extensive that these papers do not cover all aspects of the subject. Thus, insufficient attention has been paid in the literature to the initial physicochemical activation (by CO 2 or water) associated with rapid heating of the carbonaceous material (e.g. at a rate of 100 C/min) to the activation temperature, i.e. ca. 850 C. During this process, the material being activated undergoes very fast and important pyrolytic transformations that are accompanied by the evolution of considerable quantities of fragments (10-40 wt%) of weakly bound carbon structures containing a high number of oxygen bonds. At the same time, ordering of the inner structure occurs with the generation of a considerable number of pores (see data in Table 1 relating to sample AC-12). As a consequence, the initial period of activation leads to the generation of carbon fibres exhibiting a good porosity and this characteristic is quite often decisive as far as the final activation results are concerned.
Most authors, including the above, have not taken this into consideration nor have they placed a sufficient emphasis on the change in the oxidation kinetics occurring during the activation process. An example of this occurs in the paper by Rodriquez-Reinoso et al. (2000b) where the figures contained indicate that the kinetic changes occurring were mutually dependent on the porosity. Thus reference was made, for example, to diffusion and an increase in the local concentration of activator inside the fibre. As shown below, the increase in the rate of oxidation (stage 2 -Figures 1 and 2, below) resulted in distinct and characteristic changes in the porous structure, e.g. an increase in the mesopore volume at the expense of micropores when ca. 50% of the carbon mass had pyrolyzed. These determine the properties of the carbon and its range of application.
From a technological aspect, it has been assumed in the present work that the efficiency of the activation process is maintained if the volume increase of new pores is faster than the destruction of existing pores, account being taken of the simultaneous constant loss of carbon mass upon outgassing. Hence, the activation process is only efficient while the product of the pore volume and remaining carbon is either increasing or constant. For this reason, it is not efficient technologically to attempt to obtain a large volume and area of pores via considerable outgassing of the carbon mass.
EXPERIMENTAL
Standard viscose cellulose fibres with a bark-core structure were tested. Active fibres were obtained via a two-stage process. In the first stage, the fabric was pyrolyzed in an oxygen-free atmosphere to a final temperature of 600 C. In the second stage, the carbon material was activated by physicochemical methods using CO 2 as the activator. Such oxidation was carried out over the temperature range 800-900 C for various times.
The extent of oxidation and the reactivity of carbon fibres towards CO 2 were estimated by thermogravimetric analyses undertaken under isothermal conditions using a SETARAM Setsys 15 TG-DSC analyzer. In these studies, the fibres were initially purged with CO 2 and the reactor then heated at a rate of ca. 50 C/min to a predefined reaction temperature with continuous passage of the CO 2 stream. This process was continued until the sample had been activated to the required level.
Investigations of the porous structure generated were based on nitrogen adsorption measurements carried out at 196 C under static conditions. Adsorption isotherms were determined using a Micromeritics ASAP 2010 instrument with some being determined over the low relative pressure range (P/P 0 < 0.1) for a number of samples. The pore volumes and pore-size distributions were measured using the Density Functional Theory (DFT) method -the data obtained are listed in Table 1 -and also by the Horvath-Kawazoe (H-K) method (data not presented). The data from both methods exhibited a good consistency. The BET surface areas of the samples and their average pore widths over a given range were calculated as the weighted average from the pore distribution.
RESULTS AND DISCUSSION
The oxidation of different carbon fibres from regenerated cellulose exhibited many common features. Figure 1 illustrates a typical oxidation process as a function of time. During the initial activation process, the carbon samples were heated at a high rate up to a temperature above 800 C and as a consequence further pyrolysis and carbonization of the fibres occurred very rapidly. However, after this initial period, the rate of gasification decreased. This indicates that the initial process had stabilized and that preliminary activation had commenced leading to a linear rate of mass loss (DTG curve) over the major part of this stage. After more than 50% of the carbonaceous mass had been lost as a result of gasification, the rate of oxidation increased slightly and a second stage of accelerated burning commenced. This continued until the sample was pyrolyzed completely, with a linear increase in mass loss being experienced over this stage of the process.
The shapes of the DTG curves obtained for fibre oxidation at 800, 850 and 900 C (Figure 2 ) also support a two-stage process during activation. Transition from one stage to the other occurred over the pyrolysis range Z C = 0.55-0.60 (Z C being the burn-off fraction, i.e. the mass loss corresponding to the conversion of the fibre to an ash-free substance exhibiting no volatile carbon content). During the oxidation of carbon fibres at 800 C [ Figure 2(a) ], the rate of mass loss during the first stage was virtually constant and close to ca. 0.26%/min. It would appear that outgassing occurred over the kinetic reaction range, with the reaction rate at the phase boundary being the rate-determining factor for the process.
The first stage in the oxidation of carbon fibre at 850 C [ Figure 2 (b)] was very similar to that for the sample examined at 800 C. However, at 900 C, the rate of outgassing increased in a linear fashion right from the start [Figure 2(c) ]. Diffusion appears to have a significant influence on the process. At the high reaction rate exhibited by CO 2 at a carbon surface, diffusion can affect the total rate of the process. As pyrolysis proceeded, the width of the pores increased, as did diffusion to and from the inner surfaces of the fibres.
After ca. 45% of the carbon mass had been outgassed [ Figure 2 (c)], the oxidation process gradually accelerated before transforming into the second stage. During the second stage, the rectilinear increase in the rate of outgassing leading to complete pyrolysis may be related to the increasing effect of extra-diffusion oxidation, brought about by a higher local concentration of CO 2 due to the considerable decrease in the carbon mass (burn-off fraction, Z C > 0.65) and easier access to the pore surface. Figure 3 shows the nitrogen adsorption isotherms obtained at 196 C on carbon fibres activated for between 0 min and 180 min at 850 C until a burn-off fraction of between 0.13 and 0.91 had been obtained. Nitrogen sorption on sample AC-12 which was merely subjected to heating up to the activation temperature was caused by the evolution and availability of pores generated during this process. Such isotherms may be classified at Type I in the BDDT system of classification (Sing et al. 1985; Solum et al. 1995) . The activation of viscose carbon fibres leads to the development of a microporous structure with a negligible content of mesopores, although the fraction of the latter increases at high burn-off. Nitrogen adsorption in mesopores leads to the generation of flat hysteresis loops in the corresponding isotherms, with capillary condensation occurring at P/P 0 > 0.4. The mesopores generated also grow in size with increasing outgassing.
The isotherms depicted in Figure 4 demonstrate both nitrogen adsorption and the structure of the carbon fibres activated at different temperatures (800, 850 and 900 C) to similar burn-offs. Fibres with Z C 0.35 were not significantly different irrespective of the activation temperature and were typically microporous carbons containing mainly micropores, a small number of ultramicropores and mesopores as demonstrated by the small hysteresis loop observed over the total mesopore range in the corresponding isotherm.
The total pore volume distribution curve for micropores as estimated via the DFT method is depicted in Figure 5 . This shows that the dominant effect on the porosity was produced by the smallest slit-shaped supermicropores with pore widths of ca. 0.4 nm. Adsorption isotherms for highly activated fibres (Figure 4) were similar and indicated that the fibres contained a large quantity of mesopores in addition to a considerable number of micropores covering the full range of sizes ( Figure 5) .
The parameters of the various porous structures are listed in Table 1 where the Arabic numerals associated with the designation of the activated carbons indicate the burn-off extent to which the fibre was subjected. Prior to heating, the carbon fibres exhibited no pores available to nitrogen. The evolution of pores during subsequent steps in the burn-off process is illustrated in Figure 6 . Thus, over the initial stage when the temperature was increased to that necessary for activation, pyrolysis was accompanied by re-arrangement of the initial structure of the carbon fibre. Hence, a porous system developed only as a result of pyrolysis. The width of the pores also increased, thereby making them available to sorbate. Taking this into consideration, fibre sample AC-12 containing micropores ca. 0.25 cm 3 /g in volume and of ca. 0.45 nm width was subjected to CO 2 treatment. During oxidation, the total pore volume increased up to a burn-off value Z C 0.74 and then decreased. A similar tendency was observed for micropores, although the volume increase exhibited by such pores over the burn-off range 0.5-0.7 was less dramatic. At this outgassing stage, the growth in total pore volume was compensated by the growing number of mesopores in the structure.
Real activation, i.e. that occurring during CO 2 oxidation, is the variable sum of processes of pore evolution and destruction, as well as deterioration of the carbon material with burn-off. The changes induced in the carbon fibres during burn-off are illustrated in Figure 7 . This shows the pore volume as a function of the burn-off fraction of the carbon substance (Z C ) calculated with reference to the activated fibre according to the relationship:
where V A is the pore volume of the activated fibre. It will be seen from Figure 7 that after a sharp increase in the quantity of micropores during the initial heating stage, the destruction of pores was more than compensated for by pore evolution that resulted in the overall growth of pore volume. A nearly linear growth in the number of micropores was observed up to a burn-off Z C of ca. 0.5. Thereafter, the micropore volume diminished considerably. Mesopore evolution followed a slightly different course. After an increase during the initial oxidation, their number diminished, to be followed by a slow increase over the burn-off range ca. 0.4 to 0.6 followed by a distinct drop over the final activation stage. Over the burn-off range 0.35-0.6, the total increase in pore volume (V total ) was zero, i.e. the number of new pores generated was equal to the number of existing pores destroyed. Above Z C = 0.6, destruction of the porous structure predominated. It may be concluded that efficient activation promoting the development of new structures consists of the oxidation of the initial fibre mass to Z C 0.5 for micropores and 0.7 for mesopores. Further increase in their volume (Figure 7) relative to the final product mass only results from a mass loss of the outgassed carbon fibres. In the complex reaction occurring, the evolution of a porous structure is apparently related to the pyrolysis kinetics. During the first activation stage (Figure 2) , where oxidation leads a constant rate of mass loss, the evolution of a new microporous structure may be observed both in absolute terms and in relation to the initial starting material. The process itself is efficient (Figure 7) , since outgassing is accompanied by the evolution of new pores at a faster rate than the destruction of the existing pores. An increase in the rate of outgassing and transition to the second stage in the process apparently corresponds to an increase in the number of mesopores that mainly evolve from expanding micropores. This second stage of activation was not efficient.
